Ethanol increases the interstitial dopamine (DA) concentration in the nucleus accumbens (NAcc) of experimental animals, but positron emission tomography (PET) studies using the single-bolus protocol of the [ 11 C]-raclopride competition paradigm have yielded conflicting results in humans. To resolve disparate previous findings, we utilized the bolus-plus-infusion (B/I) method, allowing both baseline and intervention quantification of [ 11 C]raclopride binding during a single 105-minute PET scan, to investigate possible ethanol-induced DA release in nine healthy male subjects. A 25-minute intravenous ethanol (7.6%) infusion, resulting in a 1.3 g/L mean blood ethanol concentration, was administered using masked timing during the PET scan. Automated region-of-interest analysis testing the difference between baseline (40-50 minutes) and intervention (60-85 minutes) revealed an average 12.6% decrease in [ 11 C]raclopride binding in the ventral striatum (VST, P = 0.003) including the NAcc. In addition, a shorter time interval from the start of ethanol infusion to the first subjective effect was associated with a greater binding potential decrease bilaterally in the VST (r = 0.92, P = 0.004), and the feeling of pleasure was associated with a decrease in binding potential values in both the caudate nucleus (r = − 0.87, P = 0.003) and putamen (r = − 0.74; P = 0.02). These results confirm that ethanol induces rapid DA release in the limbic striatum, which can be reliably estimated using the B/I method in one imaging session.
INTRODUCTION
There is plenty of evidence indicating that both forced and voluntary ethanol administration induces dopamine (DA) release in the ventral striatum (VST) of experimental animals (for a review see the study by Pierce and Kumaresan 1 ). Positron emission tomography (PET) imaging with the DA D 2 /D 3 receptor antagonist ligand [ 11 C]raclopride provides a non-invasive tool for experimentally measuring the induced endogenous DA release in vivo in humans. According to the competition principle, [ 11 C]raclopride competes with DA in binding the same DA D 2 /D 3 receptors and, thus, an experimentally induced increase in the endogenous DA release results in decreased [ 11 C]raclopride binding. The competition principle has been applied in numerous studies that have shown increases in striatal DA levels in humans as a response to psychoactive substances (for a review see the study by Laruelle 2 ) .
Previous PET studies exploring the effects of acute alcohol intervention on DA neurotransmission in humans have yielded conflicting results. The first [ 11 C]raclopride PET study applying oral alcohol administration did not show any effect, 3 but in a later study decreased [ 11 C]raclopride binding was shown, suggesting an increased DA concentration in the VST, although the effect varied considerably among the subjects. 4 Two studies using prolonged stable intravenous ethanol infusion during PET data acquisition failed to detect changes in striatal [ 11 C]raclopride binding. 5, 6 However, in another study, the same group reported that intravenous ethanol without alcohol-related cues increased, but alcohol-related cues alone (without ethanol intervention) decreased DA concentration in the limbic striatum. 7 A recent study applying oral alcohol administration, found a systematic decrease in [ 11 C]raclopride binding in all striatal subregions, suggesting a quite non-specific DA release in male subjects. 8 The dopaminergic effects of ethanol could not, however, be differentiated from the influence of expectation or sensory effects related to drinking alcohol.
All the studies mentioned above utilized study designs involving two separate PET experiments: one during ethanol intervention and another during the control condition. Changes in endogenous DA concentration during a quantification period violate the equilibrium assumption of the conventional models, and the entire scan is usually utilized as the outcome measure in studies using single-bolus [ 11 C]raclopride measurements. [3] [4] [5] [6] [7] This could result in an underestimation of intervention-induced BP ND decrease, which in combination with a small effect size and inter-subject variability could conceal a decrease in BP ND owing to DA release. 9 Furthermore, the time resolution of the single-bolus method may not be suitable for measuring short-term changes in DA concentration. Finally, optimal timing of the intervention in relation to the PET scan is difficult to define. 6, 10 The main problems encountered in the repeated single-bolus protocol can be avoided using a bolus-plus-infusion protocol (B/I), where [ 11 C]raclopride is administered as a bolus followed by a constant infusion, which leads to a sustained equilibrium of radioligand levels in the blood and brain (for a review see the study by Carson 11 ). The B/I method has been applied in one PET study on ethanol, but it utilized the repeated measurement protocol and only one quantification during the PET scan. 8 However, the B/I method also enables double quantification during a single PET scan. 12, 13 Using this type of methodology, the effects on [ 11 C] raclopride binding, whether transient or longer lasting, induced by ethanol intervention can be quantified after baseline quantification. A short interval between baseline and intervention measurements reduces variation and the simple design increases the sensitivity in detecting weak changes in DA concentration.
The aim of the present study was to examine, in a single B/I scan design, whether a psychoactive dose of ethanol administered using a brief intravenous infusion would transiently decrease the binding of [ 11 C]raclopride in the functional subdivisions of striatum, which would suggest an increased DA release. An automated region-of-interest (ROI) analysis and independent voxelbased receptor mapping analysis, with superior spatial accuracy, were both performed. Subjective responses to ethanol were recorded and correlated with baseline BP ND values as well as with ethanol-induced changes in the BP ND values.
MATERIALS AND METHODS Subjects
The study was reviewed and approved by the Ethics committee of the Hospital District of Southwest Finland (Turku, Finland) and was conducted in accordance with the Declaration of Helsinki. Twelve healthy, nonsmoking, Caucasian volunteer male subjects were enrolled after providing written informed consent and undergoing a thorough medical examination. The subjects were social alcohol drinkers (mean alcohol consumption: 4.2 U/week, range: 1-10 U, 1 U equaling 12 g of 100% ethanol); both total abstainers and excessive alcohol drinkers were excluded from the study. Excessive alcohol drinking was defined as the subject consuming more than 21 U of alcohol per week or more than 7 U in a single day. PET scans of two subjects failed because of a technical problem with tracer administration; one PET scan was interrupted because the subject experienced a headache during the scan. These three subjects were excluded from the analyses; thus, the sample size was nine and included only subjects with successful experiments. The age, weight, and height of the remaining nine subjects were 21 ± 3 years, 77 ± 8 kg, and 182 ± 6 cm (mean ± s.d.), respectively. To exclude organic brain changes and for anatomical reference, a magnetic resonance image of the brain was acquired from all subjects. Imaging was performed with a 1.5 T device (GE Signa, GE Medical Systems, Milwaukee, WI, USA). An axial T1 3D (fast spoiled gradient echo) and axial T2 weighted sequences were obtained.
Study Design
This was a non-randomized, open-label, single-group study with a withinsubject design. Each subject underwent one [ 11 C]raclopride B/I PET scan that included baseline and intervention quantification in a fixed order. The subjects were told that they would receive ethanol during PET scanning, but they were masked to the timing of ethanol administration to eliminate the effect of ethanol anticipation.
Ethanol Intervention
The ethanol solution (7.6%) was prepared by diluting 95% ethanol infusion concentrate (Alkohol-Konzentrat, B.Braun, Melsungen, Germany) with isotonic NaCl infusion solution (Fresenius Kabi, Bad Homburg, Germany). The ethanol solution was warmed to body temperature and administered using continuous intravenous infusion controlled by a volumetric infusion pump (IVAC), starting 50 minutes after the beginning of the scan and l asting for 25 minutes. To ensure that the subjects were masked to the timing of the intervention, the infusion pump and route were set up before the PET scanning and the ethanol intervention was started silently and remotely. The ethanol dose (A), targeted to result in a 0.8 g/L blood ethanol concentration in equilibrium, was individually calculated utilizing total body water (TBW) and using an equation by Watson et al 14 : A = (TBW/ 0.8) × C, where TBW is 2.447-(age (years) × 0.09516)+(height (cm) × 0.1074)+(body weight (kg) × 0.3362), and C is the equilibrated blood ethanol concentration. The target equilibrium blood ethanol concentration of 0.8 g/L was chosen because such an ethanol blood concentration typically induces psychomotoric effects in human subjects 15 and comparable blood ethanol concentrations have been shown to promote a transient DA release in the rat nucleus accumbens (NAcc). 16, 17 Moreover, such a mild ethanol exposure does not pose healthy subjects to any increased risk of medical hazard. Blood samples for ethanol blood concentration were collected before ethanol infusion, at the end of infusion and at 10, 20, and 30 minutes post infusion.
Behavioral Assessments
The subjective effects were assessed with a battery of questions based on subjective mood assessment scales. 18 During the PET scan, subjects were asked to verbally rate, at 15-minute time intervals, the following items: feeling of intoxication (scale 0 to 10), depression versus high (−10 to 10), anxiety versus relaxed feeling (−10 to 10), unpleasant mood versus feeling of pleasure (−10 to 10). In addition, the subjects were asked to verbally rate a feeling of pain (0 to 10) and urge to urinate (0 to 10). Before the PET scan, the subjects were instructed to verbally indicate the first subjective feeling they regarded as an ethanol effect. The time interval between the start of ethanol infusion and the first subjective ethanol-related sensation was recorded.
Preparation of [ 11 C]Raclopride
The precursor O-desmethylraclopride free base and raclopride were obtained from ABX Advanced Biochemical Compounds, Radeberg, Germany. [ 11 C]Methane was produced at the Accelerator Laboratory of Åbo Akademi with a 103-cm isochronous Efremov cyclotron using the 14 N(p,α) 11 C reaction. High specific radioactivity [ 11 C]methyl iodide was prepared from [ 11 C]methane. 19, 20 The preparation of [ 11 C]raclopride from [ 11 C]methyl triflate was performed according to a published procedure. 21 The radiochemical purity, exceeding 99.5%, and the specific radioactivity of the product were determined using high-performance liquid chromatography and ultraviolet-detection at 214 nm. The volume of the final product solution was calculated by weighing the sterile product vessel before and after sterile filtration and then dividing the weight by the density of the sterile solvent.
PET Scanning
PET studies were carried out using an ECAT EXACT HR+ scanner (Siemens/ CTI, Knoxville, TN, USA) in three-dimensional list mode. This camera yields 63 slices of 2.43 mm thickness (axial FOV 155 mm), and has a spatial resolution of 4.4 mm in the horizontal plane and 4.1 mm axially (full width at half maximum). Head fixation was accomplished using a special head holder and vacuum hood supporting the head and neck. Two laser beams parallel to canthomeatal and sagittal lines were used to position the heads. Before each experiment, a 10-minute transmission scan was performed with 68 Ge rod sources.
The right antecubital vein was cannulated for injection of [ 11 C] raclopride. A B/I rate ratio (Kbol) of 105 minutes was selected based on an optimization study 12 and earlier studies. 13, 22 As the scan duration of 105 minutes was chosen, the magnitude of the bolus component of the total volume of the tracer was 50%, but because of decay, the bolus accounted for 77% of the total radioactive dose. An intravenous bolus of [ 11 C]raclopride (214 ± 41 MBq, mean ± s.d.) was given and then a saline flush was carried out. The infusion component (215 ± 36 MBq) of [ 11 C] raclopride was started immediately after the bolus and was controlled by an infusion pump (Perfusor fm, B Braun Melsungen AG; Germany) during the scan. The total injected dose, specific radioactivity at the end of synthesis and the injected mass were 429 ± 76 MBq, 281 ± 191 MBq/nmol, and 0.90 ± 1.63 μg, respectively. Imaging data were reconstructed to 21 5-minute frames.
Quantification of PET Data
During the equilibrium condition, the BP ND 23 representing specific binding of [ 11 C]raclopride can be obtained from the radioactivity concentration of the target region and a cerebellar reference region using the formula 24, 25 Here the term BP ND (unitless) has the same meaning as the V 3 " utilized in some earlier studies, e.g., refer the study by Martinez et al. 26 The relationship between BP ND and receptor parameters is described by BP ND = f 2 B max /K D app where f 2 is the free fraction in nondisplaceable distribution volume, B max is the number of available binding sites (receptor density), and K D app is the apparent affinity of [ 11 C]raclopride in the presence of competition from endogenous DA. The baseline BP ND was quantified using a 40-50-minute interval; previous studies have suggested this interval to be optimal. 12, 13 The intervention lasting 25 minutes was started at 50 minutes, and the gradually rising blood ethanol concentration increases DA release and finally changes [ 11 C]raclopride BP ND with some latency. Theoretically, true equilibrium during a quantification interval cannot be assumed if DA activation is transient. To capture the whole DA surge for all subjects, the duration of the intervention quantification period matched the length of intervention, but started with 10 minutes of latency; thus, quantification was made during 60-85 minutes. If DA concentration is not at steady-state during quantification, then the measured ΔBP ND becomes a time-weighted average of the instantaneous ΔBP ND , which may decrease effect size and increase inter-subject variability in ΔBP. 9 Changes in BP ND were calculated as ΔBP ND = (BP ND intervention − BP ND baseline) so that ΔBP ND directly indicates the direction of change. Simulation studies derived from simultaneous [ 11 C]raclopride PET and microdialysis experiments in monkeys indicate that a decrease in BP ND between baseline and intervention quantification is proportional to the integral of the intervention-induced DA release. 24, 27 Automated Region-of-Interest Analysis An automated ROI analysis was performed to obtain the regional BP ND values of [ 11 C]raclopride. As this method is based on a common stereotaxic space, i.e., spatial normalization of images, the operator-induced errors in defining ROIs individually for each subject can be avoided and the objectivity of analysis can be secured. Automated ROI analysis was performed using general principles described previously in detail. 28, 29 In brief, parametric images representing [ 11 C]raclopride BP ND at the voxel level during baseline and intervention were calculated using Matlab 6.5 for Windows (Math Works, Natick, MA, USA) with the formula mentioned above and an average regional radioactivity in the cerebellar reference region, which was defined using Imadeus software (version 1.50; Forima, Turku, Finland). Parametric images were spatially normalized with parameters estimated using Statistical Parametric Mapping 30 software version 2002 (SPM2), summated [ 11 C]raclopride images, and a ligand-specific template for [ 11 C]raclopride. 31 The striatal ROIs were defined on the magnetic resonance image template image, representing brain anatomy in accordance with Montreal Neurologic Institute space (MNI space; Montreal Neurologic Institute database), and they were situated bilaterally on the dorsal caudate nucleus, dorsal putamen, and VST, including the NAcc.
The ROIs on the dorsal striatum were defined on transaxial slices and ROIs on VST were defined on coronal slices because it enables more accurate positioning of ROIs 22 and better test-retest reproducibility. 32 The average regional values of [ 11 C]raclopride BP ND were calculated using these ROIs from spatially normalized parametric images and were subjected to statistical analysis.
Voxel-Based Receptor Mapping Analysis
To enable confirmation as well as more detailed visualization and localization of the results of the automated ROI analysis, a voxel-based receptor mapping analysis was conducted. This methodology is fully automated and performed independently of ROI analysis. It is not hampered by errors in anatomical positioning of ROIs. SPM analysis was performed in accordance with a procedure published earlier, 28 with minor modifications required by the tracer, its administration method, and updated software versions. Before the analysis, the parametric images calculated and processed as described above were smoothed using a 9-mm (full width at half maximum) Gaussian filter. The confirmatory SPM analysis was performed using small volume correction and was confined to the VST including the NAcc and the surrounding region. The volumes of interest defining the analysis search volume were drawn using Imadeus (version 1.50; Forima) on the magnetic resonance image template image, representing the common stereotactic space in accordance with the MNI space. 28 The volumes of interest were converted to the binary image representing the search volume in MNI space. This image was used as the explicit mask in the SPM analysis.
Statistical Analyses
All statistical analyses were conducted using SPSS for Windows (SPSS, release 16; SPSS Inc., Chicago, IL, USA) except voxel-based analysis, which was performed using SPM2. To statistically test the effects of ethanol intervention on regional outcome measures, baseline BP ND was compared with the intervention BP ND using a repeated-measures analysis of variance (rmANOVA) model with two within-subject factors: measurement (baseline, intervention) and hemisphere (left, right). To examine possible associations between baseline BP ND , intervention-induced change in BP ND, and subjective responses, correlation analyses were performed. In correlation analyses of baseline BP ND values, the left and right side were analyzed separately.
In the analysis correlating changes in BP ND values, to minimize the number of independent statistical tests and decrease the random variation of variables, the left and right side were averaged when a measurementby-hemisphere interaction in rmANOVA indicated that there were no side differences. Spearman's rank correlation coefficients were used in analysis with subjective ratings, as the scale of ratings cannot be assumed to be continuous. Pearson's coefficients were used in correlation testing associations between continuous variables: change in BP ND values and ethanol concentration or time. The alpha level was set to 0.05 in all statistical analyses on ROI-based BP ND values. Because of the explorative nature of this study, a multiple comparison correction was not utilized in the analyses on ROI-based BP ND values. Data are given as the mean ± s.d. if not otherwise stated.
To test ethanol-induced changes in [ 11 C]raclopride uptake at the voxel level, the SPM2 analysis was performed using paired t-test subtraction analysis and t contrast. As statistical tests are made independently for all voxels in the search volume, SPM's inherent correction for multiple comparisons based on Random Field Theory was utilized. A height threshold of t = 3.40 was used at the voxel level. A corrected P-value o0.05 was considered statistically significant.
RESULTS
The ethanol intervention was well-tolerated and none of the subjects reported pain or discomfort in the cannulated arm during ethanol infusion. The average blood ethanol concentration was 1.3 g/L (range 0.9-1.6) at the end of infusion, 1.1 g/L (0.9-1.2) 10 minutes later, and 0.9 g/L (0.8-1.0) 30 minutes after the end of ethanol infusion. The average latency between the start of ethanol infusion and the first subjective ethanol-related sensation was 4 minutes 57 seconds in seven subjects (range 2 minutes 30 seconds-8 minutes). One subject reported an ethanol effect before the ethanol intervention was started and one subject did not report an ethanol effect at all.
Observed [ 11 C]raclopride time-activity curves for all regions are presented in Figure 1 . Regional analysis of the [ 11 C]raclopride BP ND in the VST showed a 12.6% decrease during intervention in comparison with the baseline (F = 37.91; P o0.001 for the main effect of measurement). The measurement-by-side interaction indicated that the effect was not lateralized (F = 0.19; P = 0.67). The change in BP ND both in the caudate nucleus and putamen was o1% and was clearly non-significant (P40.7). The results of rmANOVA and regional estimates of BP ND values are presented in Table 1 . Temporal profiles of the BP ND values during a PET scan indicated that baseline quantification was made during the equilibrium period in all regions; the decrease in BP ND in the VST started to recover 30 minutes after the start of the intervention (i.e., 80 minutes after the start of the scanning). Mean BP ND curves during the PET scans in all studied regions are presented in Figure 2 . An independent voxel-based receptor parametric mapping analysis confirmed the results of the ROI analysis by showing a bilateral decrease in [ 11 C]raclopride BP ND in the VST. The effect was located in immediate proximity to the NAcc bilaterally, and the effect was slightly more intensive in the left side (T value = 6.88; cluster-level P-value 0.007) than in the right side (T value = 4.77; cluster-level P-value = 0.017). The visualization of the results of the voxel-based analysis is presented in Figure 3 .
In the correlation analyses, testing the associations between subjective responses and binding-related variables, a high selfrated intoxication level was associated with a high baseline BP ND value in the left VST (r = 0.76, P = 0.02) but not in the right (r o0.3; P40.6). The feeling of pleasure during intervention was associated with a decrease in BP ND values both in the caudate nucleus (r = − 0.87, P = 0.003) and putamen (r = − 0.74, P = 0.02). In addition, the decrease in BP ND values in the putamen was associated with an increased feeling of relaxation (r = − 0.82, P = 0.007) and a high (r = − 0.77, P = 0.02). Both of these correlations showed that an intensive subjective response (pleasure and relaxation) was associated with a decrease in BP ND , indicating an increased release of endogenous DA. Moreover, the time interval from the start of ethanol infusion to the first subjective ethanol-related sensation was associated with a change in BP ND in the VST (r = 0.92, P = 0.004), which means that the quicker the subjective rmANOVA, repeated-measures analysis of variance; sig., significance. BP ND values of both hemispheres are presented separately as the mean ± s.d. F and P values of rmANOVA testing the main effects (repetition and side) and repetition-by-side interaction are also presented. The change in BP ND is presented as the mean of the left and right hemisphere as the repetition-by-side interaction was non-significant in all regions.
response to ethanol the more intense the BP ND decrease. There were no significant correlations between changes in regional BP ND s and ethanol blood concentrations or flow rates of ethanol intervention (P40.6 for all regions). The scatter plots describing the most relevant correlations are presented in Figure 4 .
DISCUSSION
In the present study, ethanol intervention decreased regional BP ND values of [ 11 C]raclopride by 12.6% in the VST, but no change in the dorsal caudate nucleus or putamen was observed. According to the competition principle, [ 11 C]raclopride competes with DA in binding the same DA D 2 /D 3 receptors; thus an experimentally induced increase in endogenous DA concentration displaces [ 11 C]raclopride from receptor binding sites, which leads to a decrease in [ 11 C]raclopride binding when a new equilibrium is achieved (for a review see the study by Laruelle 2 ). In addition to competition in binding, agonist-mediated receptor internalization, polymerization, and some other mechanisms may contribute to the decreased binding of [ 11 C]raclopride, but also these mechanisms are mediated by an increased DA concentration. 2, 33 The temporal profiles of the BP ND values during the PET scan ( Figure 1 ) indicated that the observed decrease in BP ND in the VST started to recover 10 minutes after the end of ethanol infusion, which supports the interpretation that the decrease in BP ND was caused by temporarily increased DA release. In addition, the regional specificity of the effect in the limbic striatum is in line with preclinical evidence (for a review see the study by Pierce and Kumaresan 1 ). Correlation analyses revealed interesting associations between subjective effects and [ 11 C]raclopride measurements. The latency from the start of ethanol infusion to the first subjective ethanolrelated sensation correlated positively with the bilateral change in BP ND in the VST (r = 0.92, P = 0.004). Thus, the more quickly the subject experienced a sensation attributed to ethanol, the stronger the decrease in BP ND , suggesting a more intense DA release in these regions. Although, the present data do not indicate any systematic ethanol-induced decrease in [ 11 C]raclopride BP ND in dorsal striatal regions, the changes in BP ND values both in the putamen and caudate nucleus were associated with the feeling of pleasure during intervention, suggesting that individual changes in DA concentration in the dorsal striatum is related to the experience of pleasure. Moreover, an increased feeling of relaxation was associated with a decrease in BP ND values in the putamen. These associations suggest that DA has a functional role in subjective feelings regarding ethanol administration in the dorsal striatum although no significant mean change at the group-level exists. However, the correlations should be interpreted as preliminary and with caution because of the relatively small number of study subjects and small changes in BPs.
In this study, a self-rated intoxication level did not correlate with the change in [ 11 C]raclopride BP ND in any brain region, which is in accordance with the negative finding reported earlier 4,7 , but is not fully in line with a more recent study where subjectively evaluated activation correlated with the magnitude of BP ND decrease in VST in men. 8 However, we found that the self-evaluated intoxication level correlated with baseline BP ND values in the left VST, but there was no association in the right side. This lateralization of the association is in agreement with a recent finding, showing that a peak perceived intoxication score correlated with [ 11 C]raclopride baseline BP ND in the left NAcc. 5 Although this replication of findings supports the reliability of this association, the interpretation is not unequivocal because the baseline BP ND value depends on both B max and apparent affinity of the tracer. In other words, high BP ND values might have been caused by an increased receptor density, increased affinity, or by a combination of these processes or by a low DA concentration.
The results from earlier PET studies exploring the effects of acute alcohol intervention on DA neurotransmission in humans are conflicting. The first study utilized early PET technology in which the VST could not be quantified and yielded negative results. 3 The second study showed that oral alcohol induced a decrease in [ 11 C]raclopride binding in the VST, which is consistent with increased DA release, but the effect varied considerably among the subjects. 4 The lack of positive findings in two studies using intravenous ethanol intervention might have been caused by methodological limitations, e.g., a fixed order of repeated PET scans, differences in intervention timing, 5 or insufficient sensitivity. 6 In the next study, the same group showed that intravenous ethanol administration with neutral (non-alcohol-related) cues induced a 12% decrease in BP ND in the left NAcc, suggesting ethanol-induced increase in DA concentration. 7 The magnitude of the effect found in the present study (12.6%) is in line with this, although the effect was not lateralized.
The methodological weaknesses related to [ 11 C]raclopride single-bolus studies can be avoided by using the B/I method. 34 The accuracy and precision of D 2 receptor quantification with the [ 11 C]raclopride B/I method in the striatal regions including VST has been shown to be appropriate for the study of DA transmission using endogenous competition techniques. 22 The B/I methodology has also been successfully utilized in studies on dopaminergic effects of drugs, e.g., amphetamine. 13 The same group recently utilized the same methodology to study the effects of pre-scan oral alcohol administration and found a statistically significant decrease in [ 11 C]raclopride binding in all striatal subregions in male subjects with an overall gender effect. 8 In both sexes, the decrease in [ 11 C]raclopride binding in the VST was significant, but in men, it was twofold larger (12.1%) than in women (6.2%). In men, the decrease in binding in the dorsal striatum during an alcohol scan was between 7.3% and 8.5%. In the present study, the magnitude of the effect in the VST (12.6%) is in line with the effect found in men, but our data showed only a 1% nonsignificant decrease in BP ND in the caudate nucleus and putamen. As the preclinical evidence suggests that ethanol induces DA release preferentially in the ventral striatum, 1,35 a systematic decrease in binding in all striatal regions 8 might not be directly related to the neurobiological effects of ethanol. Consistently, parameters related to alcohol-induced activation and drinking history correlated with the [ 11 C]raclopride binding decrease in the VST only. As the independent effect of scan order was highly significant (P o 0.001) and the order of conditions in both groups was unbalanced, the order effect might have been one confounding factor. 8 Thus, methodological factors might at least partially explain the discrepancies.
To induce a distinct effect, we utilized as rapid and shortlasting intravenous ethanol administration as possible, using the maximum ethanol concentration that was well-tolerated by the subjects. The administration procedure for ethanol used in this study might induce a different dopaminergic response than oral pre-scan administration 3, 4, 8 or intravenous 'clamping administration' targeting a constant blood alcohol concentration. [5] [6] [7] The average blood ethanol concentration was 1.3 g/L (range 0.9-1.6) at the end of the infusion, and it decreased to 0.9 g/L (range 0.8-1.0) 30 minutes later. The between-subject variation and a few relatively high outset values were most likely caused by individual variation in the early ethanol distribution in the body water, as the range tapered considerably over 30 minutes. The measured blood ethanol concentration values at the 30-minute time point somewhat exceeded the calculated target concentration of 0.8 g/L, but fell below the ethanol concentrations reported in one study, 6 as the breath blood ethanol concentration of 80 mg% approximately corresponds to a blood ethanol concentration of 1.7 g/L.
There are a few limitations in the present study. First, a general limitation of the B/I method is that an appropriate equilibrium must be established during the quantification periods. Although 105 minutes was suggested to be the most optimal 12 Kbol value and was thus utilized in the present study, this Kbol value might not be the most appropriate for all subjects. It has been suggested that a Kbol of 105 minutes is associated with a decrease in [ 11 C] raclopride binding of~10%/h during a 40-to 90-minute interval 22 ; to achieve complete equilibrium, the Kbol should be slightly reduced. However, more recent results suggest that this issue has a negligible impact. 13 The baseline BP ND was quantified using a time interval of 40-50 minutes as previous studies have suggested this to be adequate. 9, 12, 13 However, individual time-activity curves ( Figure 1) suggest that in the caudate nucleus and putamen true equilibrium conditions at baseline were not reached. It is possible that the non-equilibrium reduced the sensitivity to detect intervention-induced changes in BP ND in these brain regions. Although equilibrium is crucial to the reliability of quantification, non-equilibrium would have led to an underestimation of the DA surge effect on BP ND 9 and, consequently, does not undermine the validity of the present results regarding ethanol-induced decrease in BP ND in the VST.
Second, all conventional PET methods, the simplified reference tissue model and Logan graphical reference method, assume that endogenous DA concentration does not change during the quantification period. This limitation also concerns the equilibrium analysis routinely utilized in the quantification of B/I studies, as in the present study. If DA concentration changes during the quantification, it might lead to underestimation of the change in BP ND , increasing inter-subject variability and reducing effect size. 9 The comparison of different quantification intervals between 60 and 85 minutes for the present data revealed that the differences and variability in BP ND changes were minimal, and the average variability was the smallest using a full time span 60-85 minutes (data not shown). Moreover, dorsal striatal changes were nonsignificant with all intervals. However, the chosen intervention quantification interval (60-85 minutes) might have led to an underestimation of the true change in BP ND . This might partially explain why significant correlations with behavioral measurements were observed in the dorsal striatum, although the average changes in BP ND were minimal. Although, changes in BP can be robustly measured at the group-level with simple quantification, the linear variant of the ntPET model could provide better tools for exploration of the timing and the highest DA surge at the individual level. 35 Our study was not placebo controlled. In studies on the neurobiology of alcohol, the comparison condition is, however, extremely problematic. Alcohol-related cues alone have been shown to decrease DA concentration 7 , suggesting that ethanol anticipation is a dopaminergically deactivating condition. In addition, psychological effects associated with a placebo depend on the order of ethanol administration. 8 Our study used the B/I method with double quantification. The conditioned effects of alcohol drinking and the effects of alcohol anticipation were eliminated by using intravenous ethanol infusion and by blinding the subjects regarding the timing of ethanol infusion. Thus, the expectation and other possible dopaminergic effects related to a conventional placebo condition prevailed during the baseline quantification, and an ethanol-induced decrease in [ 11 C]raclopride binding could be shown. The double quantification enabling the baseline and the intervention measurement in one PET scan is a clear advantage of the B/I paradigm. It could be utilized to obtain additional evidence by conducting a repeated B/I experiment, where saline is given to the subjects as a placebo comparison condition.
CONCLUSIONS
Intravenous ethanol administration induces a decrease in BP ND of [ 11 C]raclopride, suggesting a transient DA release in the limbic striatum, particularly in the NAcc, but ethanol-induced changes in DA neurotransmission also in the dorsal striatum are associated with subjective effects of ethanol. These results also indicate that the B/I method of administration of [ 11 C]raclopride with double quantification is a feasible method to quantify small and transient intervention-induced dopaminergic effects.
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